Abstract. A highly e cient method, which is environmentally-friendly, has been developed by a sequential one-pot, three-component reaction between isocyanides, aldehydes, and 2-aminopyridines or 2-aminopyrazines under solvent-free and grinding conditions at room temperature in the presence of nano-ordered MCM-41-SO3H.
Introduction
Nowadays, chemists are constantly challenged to develop green synthetic methodologies to meet the criteria of sustainable and environmentally-friendly development. Consequently, several newer strategies, such as multicomponent reactions under solvent-free conditions and solid-state organic reactions, have attracted much interest not only for the laboratory synthesis, but also in the chemical industry, because of reduced pollution, lower costs, mild conditions, and simple puri cation.
Many organic reactions occur more e ciently in There are also several therapeutic agents currently available on the market containing the imidazo[1,2-a]pyridine core, including anxiolytic drug Alpidem, hypnotic drug Zolpidemand, and an anti-ulcer agent Zolimidine (Figure 1 ) [3] .
There is a large number of potential synthetic routes for the synthesis of imidazo[1,2-a]pyridines. The most important approaches include:
(i) Condensation of 2-aminopyridine with -halocarbonyl compounds [4] , or pyridines with enamides 4f;
(ii) Three-component reactions of 2-aminopyridines, aldehydes, and alkynes [5]; (iii) One-pot condensations of isocyanides, aldehydes, and 2-aminopyridines [6] termed as GroebkeBlackburn-Bienaym e multicomponent reaction (GBB MCR) [7] . Among all the methods which can be employed for the synthesis of the imidazo[1,2-a]pyridine core, only (i) and (iii) allow for diversity in the nal products. Method (i) is a popular approach for synthesizing the imidazo[1,2-a]azine core, since a variety of substituted 2-aminopyridines and -halocarbonyl compounds are commercially available or can be readily synthesized [4] . However, one of the biggest drawbacks of this method is the inability to form 3-amino-monosubstituted imidazo[1,2-a] pyridines by this ring closing procedure. Hence, the GBB MCR is the method of choice for the synthesis of 3-aminoimidazo [1,2-a] pyridine/pyrazine ring systems as it is the only method known to date to allow for signi cant diversity at the 3-position [7] .
A variety of acid catalysts including acetic acid [7a] In order to simplify catalyst removal and minimize the amount of waste formed, the utilization of heterogeneous or solid acid catalysts as an alternative to this process is an emerging topic in the eld of greenchemical processes. In fact, normally, the heterogenization procedure causes a decrease in stereoselectivity and activity in comparison with the homogeneous counterparts. To address this decline in the activity of heterogeneous catalysts over homogeneous ones, the use of high surface area materials, such as MCM, has been widely investigated [9] . Mesoporous silica, known as MCM-41, had been the most commonly used; however, it soon became apparent that the use of mesoporous silica and aluminosilicates as solid acids did not produce the desired results due to the low acid strength of their acid sites [10] . A better alternative would be to use the mesoporous silica with their mild acid sites in an aluminosilicate framework as supports to which strong acid sites could be covalently anchored. Among the various covalently anchored solid acids, MCM-41 was functionalized with sulfonic acid groups (MCM-41-SO 3 H) functions more e ciently in organic synthesis [11] .
The focus of the present work concerns the application of atom-economic, multicomponent reactions, and the use of nano-ordered, heterogeneous acid catalysts that can be run under green conditions. In connection with our ongoing work on the application of MCRs to the synthesis of biologically active compounds [12], we report a simple and ecient route for the synthesis of highly substituted 3-amino-imidazo[1,2-a]pyridines or pyrazines 4 via the GBB MCR of 2-aminoazines 1, isocyanides 2, and aldehydes 3 under solvent-free conditions at ambient temperature in the presence of nano-ordered MCM-41-SO 3 H [13] (Scheme 1). To the best of our knowledge, no investigations or studies on MCM-41-SO 3 H-catalyzed synthesis of imidazoazines have been reported to date.
Results and discussion
In the initial phase of this study, 2-aminopyridine (1a), 4-chlorobenzaldehyde (2a) , and cyclohexylisocyanide (3a) (molar ratio: 1:1.2:1.1), as a model reaction (Scheme 2), were mixed and ground in a mortar at room temperature. As a result, only a trace amount of the desired product 4a is detected, as monitored by ThinLayer Chromatography (TLC) after 180 min (entry 1, Table 1 ).
Scheme 1. The Groebke-Blackburn-Bienaym e reaction catalyzed by MCM-41-SO 3 H. In order to improve the grinding process, 20 mg of MCM-41-SO 3 H was added to the mortar. After the mixture was ground for 30 min at room temperature, the researchers were surprised to discover that the desired product 4a was obtained at a 90% yield (entry 2, Table 1 ). Subsequently, the amount of required MCM-41-SO 3 H was investigated to nd the optimal catalyst loading. The results showed that 15 mg of catalyst was su cient for an excellent yield (entry 5, Table 1 ).
In order to further evaluate and establish the superior catalytic activity of MCM-41-SO 3 H, the e ects of other mesoporous compounds, such as MCM-41, Zn-MCM-41, Fe-MCM-41, and Al-MCM-41, were investigated in this model reaction. As shown in Table 1 (entries 6-9), when the mixture was reacted under solventfree conditions in the presence of these mesoporous compounds, the yield was lower and longer reaction times were required, which show the superior catalytic activity of MCM-41-SO 3 H in this transformation. This superior catalytic activity may be attributed to the higher acid strength of their acid sites. The surface acidity measurement of MCM-41-SO 3 H was performed by an inverse acid-base titration of the catalyst which showed that the acid content was 0.02 mmol g 1 of catalyst (1.7 mg/g of catalyst).
This study also examined the e ects of some organic solvents (EtOH or CH 2 Cl 2 ) as well as water for the purpose of demonstrating the high e ciency of the grinding method. Initial screening studies con rmed that solvent-free conditions were optimal for this reaction (Table 2 ). The results showed that the e ciency and the yield of the reaction under solventfree conditions were higher than those obtained in the presence of solvents [14] . It is noteworthy that the use of non-polar solvent like dichloromethane in reaction requires longer time (entry 2). According to the proposed mechanism (Scheme 3), protic solvents such as H 2 O and EtOH could favor the formation of iminium ion A, but could not avoid the competitive side reaction of nucleophilic attack of 2-aminopyridine or 2-aminoazine, as well as that of the solvent itself to the imine intermediate. Moreover, to expand the scope of the method with respect to reactants, di erent 2-aminopyridines 1a-c, aldehydes 2a-k, and isocyanides 3a,b were used under the optimized conditions. The results are given in Table 3 . It can be seen that a wide range of substrates were able to participate in the reaction. As it is shown, di erent aromatic aldehydes bearing both electron withdrawing (Table 3 , entries 1-4) and electron releasing groups (Table 3 , entries 8 and 13) a orded the corresponding imidazoazines in high to excellent yields. The aliphatic aldehyde, such as isobutyraldehyde (2k), has also proved to be e cient by producing the product 4p in 55% yield (Table 3 , entry 17).
The suggested reaction mechanism for this transformation catalyzed by MCM-41-SO 3 H is outlined in Scheme 3. It could reasonably be expected that the protonated schi base (A) is generated through condensation of aminoazines 1 with activated aldehyde 3 in the presence of nanocatalyst. The nal product of 3-amino-imidazo[1,2-a]azine 4 is formed by a nonconcerted [4+1] cycloaddition reaction between protonated schi base A and isocyanide 2 followed by imine-enamine tautomerisation.
The reusability of the catalyst was also investigated in further runs of the model reaction, and the results showed that the catalyst was active for at least four reaction cycles without considerable loss of activity (Figure 2) .
The morphology of MCM-41-SO 3 H was speci ed by Scanning Electron Microscopy (SEM) (Figure 3) . The powder X-Ray Di raction (XRD) measurement of MCM-41-SO 3 H was also carried out ( Figure 4) . The EDX and FTIR spectrum of MCM-41-SO 3 H was also provided in supplementary data. EDX analysis revealed the presence of acid groups in the framework of the materials.
To demonstrate that our method outperforms those of some other published works, a comparison has been drawn with some recently published methods in Table 4 . 
General procedure for the preparation of MCM-41-SO 3 H
Grafted hydrogen sulfate groups (MCM-41-SO 3 H) were synthesized according to the reported method [15] . MCM-41 (1 g) was suspended in CH 2 Cl 2 (5 mL) in a 100 mL round bottom ask equipped with a gas outlet tube and a dropping funnel containing a solution of chlorosulfonic acid (2 mL) in dichloromethane (15 mL). The chlorosulfonic acid solution was added drop-wise to obtain suspension over a period of 30 minutes at room temperature. The HCl gas evolved from the reaction mixture was conducted via the gas outlet tube into a NaOH solution. After the completion of the reaction, the solvent was evaporated under reduced pressure and the MCM-41-SO 3 H was collected as a white solid. Morphology was speci ed by Scanning Electron Microscopy (SEM) (Figure 3 ). SEM micrographs were obtained using Philips model XL-30 microscope. The powder X-Ray Di raction (XRD) measurement was carried out on Philips Xpert instrument with Cu K radiation ( = 0:15406 nm) at 40 kV and 40 mA ( Figure 4 ). The surface acidity of MCM-41-SO 3 H was determined by a reported titration method [16] . The concentration of acid sites of catalyst was determined by titration: 0.5 g of the catalyst sample was added to 50 mL of NaCl solution (200 g/L) and stirred at room temperature. The ion exchange between H + and Na + was allowed to proceed for 24 h. The catalyst was ltered o and washed with distilled water, then the mixture was titrated with 0.01 N NaOH solution using phenolphthalein as pH indicator. The turnover numbers are expressed as the molar ratio of converted substrate to the milliequivalent of the sulfonic acid group. 3.3. General procedure for the synthesis of imodazoazines (4a-q) 2-aminoazines 1 (1 mmol), aldehyde 2 (1.2 mmol), and isocyanide 3 (1.1 mmol) were mixed (as a mixture) and ground in a mortar in the presence of MCM-41-SO 3 H (15 mg) at room temperature. After completion of the reaction (indicated by TLC), the product was puri ed by recrystallization from hot ethanol. All the compounds are known while the characterization data of new compounds (4h) are given below.
Cream powder (90%); mp: 234-236 C; IR (KBr): 3300 cm 1 (OH), 3296 cm 1 (NH), 3080, 2923, 2852, 1652 24.6, 25.4, 33.5, 55.5, 56.4, 105.3, 110.4, 115.4, 117.6, 119.5, 122.9, 125.1, 125.6, 126.0, 135.8, 138.6, 146.0, 147.4 
Conclusion
In summary, MCM-41-SO 3 H was found to be a highly e cient nano catalyst for the one-pot three-component synthesis of 3-amino-imidazo[1,2-a]pyridines or pyrazines via the condensation of isocyanides, 2-aminopyridines, and aldehydes under solvent-free conditions at room temperature on grinding. This method o ers several advantages, such as omitting toxic solvents or catalyst, high yields, short reaction time, no waste production, very simple work-up, and needs no chromatographic method for puri cation of the products. 
